The halo dark matter (DM) can be captured by the Sun if its final velocity after the collision with a nucleus in the Sun is less than the escape velocity. For self-interacting DM (SIDM), we show that the number of DM trapped inside the Sun still provides significant signals even if the DM-nucleon cross section is negligible. We consider a SIDM model where U (1) gauge symmetry is introduced to account for the DM self-interaction. Such a model naturally leads to isospin violating DM-nucleon interaction, although isospin symmetric interaction is still allowed as a special case.
I. INTRODUCTION
Single component and collisionless cold dark matter (CCDM), which is treated as the standard dark matter (DM) candidate in ΛCDM model, accounts for the cosmological data from Cosmic Microwave Background (CMB), Big Bang Nucleosynthesis (BBN), and the large scale structure. However, the above DM properties lead to some controversies between the N-body simulation and astrophysical observations on small scale structures with nonlinear DM-dominated systems. A cusp structure is formed by gravitationally attracting a large number of DM in the center regions of galaxies and the zero dissipative dynamics [1] .
On the other hand, observations indicate that DM distributes in a much more flat profile in the center regions [2, 3] . This is called the cusp/core problem [4] . There exists other problem with CCDM concerning the size of subhalos, which are the hosts of the satellite galaxies surrounding the Milky Way (MW) halo. The dispersion velocities from these galaxy rotation curves reflect the size of their host subhalos. It is observed that a discrepancy in the subhalo size exists between the CCDM-only simulation and the observations [5, 6] . About O (10) most massive subhalos generated from the N-body simulation are too massive in the MW halo (with circular velocity larger than 30 km/s) whereas the maximum circular velocities of MW dwarf spheroidals are less than 25 km/s. This is referred to the "Too-big-to-fail" problem indicating no satellite galaxy hosted by such massive subhalo is found.
It is possible that these puzzles may be due to insufficient knowledge of the baryonic processes such as the supernova feedback and photonization [7] [8] [9] [10] [11] [12] [13] . On the other hand, these conflicts may also hint nontrivial features of DM such as self-interacting DM (SIDM) [14] .
It was then noted that the SIDM with a constant cross section cannot account for observed ellipticities in clusters [15, 16] and the survivability of subhalos [17] . In the very short mean free path limit, it produces even more cuspy profiles [18] [19] [20] [21] . However, some recent simulations have shown that the SIDM velocity-independent cross sections in the range 0.1 cm 2 /g ≤ σ T /m χ ≤ 10 cm 2 /g (m χ denoting the DM mass) can resolve the cusp/core and Too-big-to-fail problems on dwarf scales [22] [23] [24] [25] , although it was pointed out in Ref. [23] that σ T /m χ ∼ 0.1 cm 2 /g is too small to account for the population of massive subhalos, and the study using bullet cluster 1E 0657-56 constrains σ T /m χ to be less than 1.25 cm 2 /g [26] .
Furthermore, other investigations of SIDM with characteristic velocity-dependent cross sections provide a broader cross section range, 0.1 cm 2 /g ≤ σ T /m χ ≤ 50 cm 2 /g, for alleviating the above-mentioned puzzles [27] [28] [29] [30] [31] 1 . From particle physics point of view, DM exchanging light mediators would generate an attractive self-interaction, which enhances the annihilation cross section by Sommerfield effect and resonance scattering [34, 35] . The mediator φ often plays as the messenger between the visible matter and dark matter. This mediator can be scalar, pseudoscalar, vector, or axial-vector particles [36] . The scalar and vector interactions with nucleon only generate spin-independent (SI) cross section (in the non-relativistic limit), while spin-dependent cross section can be generated via exchanging pseudoscalar or axial-vector particles. The relatively large SIDM cross section requires a MeV scale φ satisfying [27] σ χχ ≈ 7.6 × 10 −24 cm
where α χ is the dark fine structure constant representing the coupling strength between DM χ and the mediator φ. With m φ around the MeV scale, it is possible for φ to decay into light standard model particles. In such a case, the lifetime of φ should be less than 1 sec to satisfy the BBN constraint.
2 Therefore, the light mediator φ can produce both direct and indirect DM signatures. The former signature is generated when DM scatters with the nuclei by exchanging φ. The latter signature is generated by the annihilation of DMs into a pair of φ, which subsequently decay into SM particles. The mediator φ can be a hidden U (1) gauge boson or scalar, which mixes with photon, Z boson or Higgs boson to bridge between DM and the visible sectors. It should be noted that Eq. (1) is valid only at the perturbative regime (α χ m χ /m φ ≤ 1), while the effects of dark force on the halo structure for the full range of parameters were investigated in Ref. [30] . The characteristic velocity-dependent cross section at different scales for resolving all the conflicts can be realized. Furthermore, DM direct detection experiments for probing such SIDM scenarios were proposed in Ref. [38] (see also, for example, Ref. [39] for the asymmetric DM scenario). The predicted direct detection cross section is within the reach of next-generation experiments such as XENON1T [40] and SuperCDMS [41] .
In this paper, we shall consider symmetric fermionic DM and show that the annihilation signatures from the trapped DMs inside the Sun can provide a complementary test to SIDM 1 The thorough study on cosmology and structure formation in the context of mirror photon is investigated in Ref. [32] . Some early attempts to study the astrophysical effects of mirror matters can also be found, for example, in Ref. [33] . 2 If DM is kinematically decoupled from the dark radiation at late time, it would leave signals in CMB [37] .
scenarios. It is well known that the DM-nucleon scattering cross section relevant to the indirect DM signature from the Sun is identical to the cross section relevant to DM direct detection experiments. For the former case, such a cross section leads to the DM capture if the velocity of the final-state DM is less than the escape velocity of the Sun. As the number of captured DMs increases to a significant level, the rate of DM annihilations into SM particles could become detectable [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . The total number of the captured DMs is determined by the above DM-nucleon scattering cross section and the DM mass. However, it has been shown in a model-independent approach that the DM accumulation time can be shortened in the Sun and the total number of trapped DM can also be increased if SIDM is considered [49] [50] [51] . In Ref. [50] , the constraint σ T < O(10 
with
representing electromagnetic current and weak neutral current respectively. Here f is the SM fermion and Q f refers to its electric charge, g 2 is the SU (2) L gauge coupling, and
The parameters ε γ and ε Z are originated from kinetic and mass mixings between φ µ and gauge bosons such as
With DM χ a Dirac fermion, the dark force is given by
For the case of scalar φ, it is possible that φ can mix with Higgs boson. The simplest scenario is that φ is a real singlet scalar. The relevant terms of the Lagrangian are then given by
where g s , a, and b are coupling constants and H is the SM Higgs doublet. As the Higgs boson develops the vacuum expectation value v ≈ 246 GeV, the mass matrix between φ and H can mix via the a term. We can define the mixing parameter ε h ∼ av/m 2 h , thus the effective Lagrangian for the coupling of scalar φ to the SM fermions is given by
A. Scattering with vector mediator
The Feynman diagrams for scattering among two Dirac fermionic (anti-) DMs via the dark mediator φ are depicted in Fig. 1 . Due to Fermi statistics, the u and t channel amplitudes of χχ scattering carry a relative minus sign such that two amplitudes cancel each other in the non-relativistic limit. The same cancellation occurs inχχ scattering. Hence only χχ scattering cross section is nonvanishing in the non-relativistic limit. Furthermore, the s channel amplitude of χχ scattering is suppressed so long as m χ m φ . Hence we consider only t channel amplitude for χχ scattering. The perturbative calculation gives the cross section
where α χ ≡ e 2 D /(4π) is the fine structure constant in the hidden U (1) sector. Since only σ χχ is not suppressed for Dirac DM, the parameterization in Eq. (1) should be understood as the one for σ χχ . In fact, for simplifying the notations, we henceforth denote the χχ scattering cross section as σ χχ .
The DM-nucleon scattering is shown in Fig. 2 where N stands for either proton or neutron.
The parameter ε N is the strength of φ µ -nucleon coupling in the unit of electric charge e.
The SI cross section between DM and any nucleus with mass number A and proton number Z is then given by
with α em the fine structure constant, µ χA ≡ m χ m A /(m χ + m A ) the reduced mass for DMnucleus system and η ≡ ε n /ε p is the isospin violation parameter. The cross section forχ is identical such that σ χA = σχ A . The effective φ µ -nucleon couplings, ε p and ε n , can be
The Feynman diagrams contributing to DM scatterings. The upper panel represents the t and u channel diagrams of χχ scattering. The lower one represents the s and t channel diagrams of χχ scattering. The χχ cross section vanishes in the non-relativistic limit while χχ scattering is dominated by the t channel diagram. The behavior ofχχ scattering is the same as that of χχ scattering. See the main text for details. expressed in terms of ε γ and ε Z such that [38] 
Thus, we have SI cross sections
for DM-proton scattering and
for DM-neutron scattering.
The Feynman diagrams for DM-DM scattering with scalar exchange are identical to those depicted in Fig. 1 . Thus we only replace α χ by α s = g 2 s /4π, and the mixing parameter ε h via the Higgs boson are the same for both proton and neutron. Roughly one has
The general DM-nucleon cross section thus obeys the isospin symmetry with
However, to have φ decay before BBN, one requires ε h 10 −5 . With such a lower bound for ε h , the resulting σ χp is so large that it is excluded by the current direct search for m χ > 10 GeV [38] . In this work, we shall not continue discussing the scalar case, although some other scalar-exchange models might still be viable. It is important to note that the vector mediator case already contains many features of SIDM models. In addition, we are interested in searching for neutrino signals. Such type of signals disfavors the scalar mediator since the decay branching ratios of φ to neutrinos are generally negligible, unless m φ < 1 MeV. We note that the spin-dependent DM-nucleon cross section is suppressed by O(1/m χ ) for the case of vector mediator. On the other hand, such suppression does not occur if φ is an axial-vector particle. In this paper, we shall only focus on spin-independent cross section. Hence we simplify σ SI χp as σ χp from now on.
III. DM ACCUMULATION IN THE SUN
A. The evolution equation
Since we consider the scenario that χ andχ are equally populated, the halo DM number density near the solar system can then be written as ρ 0 = ρ χ + ρχ = 0.3 GeV cm −3 with ρ χ = ρχ = 0.15 GeV cm −3 . The DM in the Sun consists of two species, the DM and anti-DM with the numbers N χ and Nχ respectively. The time evolutions of N χ and Nχ are given by
with C c the capture rate, C e the evaporation rate, C s the capture rate due to self-interaction, C se the self-interaction induced evaporation rate, and C a the annihilation rate. They are taken to be time-independent and have been fully discussed in Refs. [44] [45] [46] [47] [48] [49] 51] and references therein.
The capture rates C c and C s depend on DM-nucleus scattering cross section σ χA and DM-DM self-interaction cross section σ χχ , respectively. For a MeV range m φ , it has been pointed out that [38, 56] σ χA is sensitive to the momentum transfer q flowing into the φ propagator shown in Fig. 2 . We thus have
where the magnitude of momentum transfer is given by q 2 = 2m A E R with E R the nucleus recoil energy, and σ 0 χA ≡ σ χA (q 2 = 0) is the cross section with zero momentum transfer. It is clearly seen that σ χA (q 2 ) is suppressed compared to σ 0 χA . For estimating this suppression, we take E R = 2µ 2 χA v 2 χ /m A with µ χA the reduced mass for the DM-nucleus system. This E R corresponds to an 180
• DM recoil angle after the collision in the center of momentum frame. We further take v χ ≈ 270 km/s, which is the DM velocity dispersion in the halo.
Apparently, q 2 depends on both m A and m χ . Thus, the capture rate with the momentum transfer suppression can be expressed as
where The above momentum transfer suppression also occurs in C s . The suppression factor can be taken from Eqs. (16) and (17). Thus the DM velocity after the scattering with v f = v esc (r)/ √ 2 on average [57] . We take the approximation that v f is parallel to v i since the speed halo DM is in general much greater than that of the trapped DM.
Having discussed the properties of C c and C s , we return to Eqs. (15a) and (15b). Since we are interested in the symmetric DM, the condition N χ = Nχ holds. Thus, Eqs. (15a) and (15b) can be simplified into one,
with the solution
where
is the time-scale for the DM number in the Sun to reach the equilibrium, i.e., dN χ /dt = 0.
The DM number reaches the equilibrium when tanh(t/τ A ) ∼ 1.
The DM annihilation rate in the Sun is given by
By setting C s = C se = 0, we recover the results in Refs. [44] [45] [46] [47] [48] for the absence of DM self-interaction. By setting C e = C se = 0, we recover the result in Ref. [49] , which includes the DM self-interaction while neglects the DM evaporation. 
B. Numerical results
To illustrate the role of the light force carrier m φ , we first identify the parameter range on the m χ − m φ plane in which N χ (t) has already reached to the equilibrium at the present epoch. In the hidden U (1) model, isospin violation is generally introduced since η can take any value [58] . However, to simplify our discussions, we consider two extreme scenarios in our calculation. One is the isospin symmetric scenario with η = 1, and the other corresponds respectively. The orange band is the SIDM allowed region [22] [23] [24] [25] . See the main text for details.
to η = −0.7 which minimizes DM-Xenon cross section for a fixed σ χp [59] . The first scenario corresponds to ε γ /ε Z = −0.65 while the second one corresponds to ε γ /ε Z = 5.65.
In Fig. 4 , we show the equilibrium regions for ε γ = 10 , the non-equilibrium region also increases with η lowering from 1 to −0.7. This is also due to the suppression of σ χA caused by isospin violation. However, with ε γ = 10 −10 , the non-equilibrium region does not change noticeably when η changes from 1 to −0.7. For such an ε γ , one can show that it is C s rather than C c that dictates the equilibrium time scale τ A ., i.e., the DM self-interaction dominates the capture process.
The theoretical predictions on σ χp are shown in Fig. 5 with colored solid lines. These predictions are according to Eq. (11) and the additional momentum transfer suppression given by Eq. (16) . It is seen that σ χp depends on ε γ , α χ and m φ . However, α χ is related to m χ by α χ ≈ 3.3 × 10 −5 (m χ /GeV) from the thermal relic density of symmetric DM [38, 62] .
The regions excluded by LUX [63] for the scenarios of isospin symmetry and isospin violation are displayed for comparisons. The orange band is the allowed region of the SIDM parameter space [22] [23] [24] [25] .
The value of η affects the DM-nucleus cross section as seen from Eq. (9). Hence η = 1 (isospin violation) may weaken the direct search bound on σ χp as well as suppress the capture rate for both the Sun and the Earth for a fixed σ χp as discussed in Refs. [64] [65] [66] . It is clearly seen that the LUX bound on σ χp is significantly weaken for η = −0.7. 
IV. TESTING SIDM MODEL IN ICECUBE-PINGU A. Neutrino signal and the atmospheric background
Neutrino signals arise from the decays of φ which is produced by DM annihilation, i.e., χχ → φφ → 4ν. DM annihilate to ZZ and γγ modes are suppressed by small couplings between χ-Z and χ-γ respectively. For the hidden U (1) gauge model considered in this paper, φ decays into SM particles via ε γ and ε Z mixings. Due to the kinematics constraint, e + e − and neutrinos are the only decay products of φ and the corresponding decay widths through photon and Z mixings are given in Ref. [38] . The branching ratio for φ → νν is determined by the relative magnitudes of mixing parameters ε γ and ε Z . Therefore it is determined by the parameter η through Eqs. (10a) and (10a). We find BR(φ → νν) ≈ 75%, 39%, 48%, and 67% for η = 1, −0.3, −0.5, and −0.7, respectively. Furthermore, although φ is produced on-shell in the solar center, it does not decay instantly but instead propagates for a certain distance. The lifetime of φ is constrained by BBN, τ φ O(1) s [38, 61] . Considering a 30
MeV φ with 5 GeV energy (corresponding to m χ = 10 GeV), the decay time of φ would be less than 170 s. One can easily estimated that, for a φ with 170 s of decay time, it travels for roughly 5 × 10 7 km before decaying into the electron-position or the neutrino pair. The decay point is already outside the Sun but not yet reaching to the Earth. Given the distance between the Sun and the Earth at 1.5 × 10 8 km, those φ with 30 MeV of mass and moving toward the Earth shall decay between Sun and Earth provided E φ is less than 150 GeV. Hence the neutrino flux will be observed by the terrestrial detector. We have so far made our argument with τ φ = 1 s. For τ φ 1 s, the decay point of φ could be inside the Sun. In this case, the neutrino propagating distance from source to terrestrial detector becomes larger. However this does not affect the oscillation of neutrinos because neutrino propagating distances in both cases are much larger than the neutrino oscillation length.
Hence our results on neutrino event rates are not affected.
The argument in the last paragraph assumes φ propagating freely inside the Sun. To justify this assumption, we study the interaction between φ and hydrogen, which occurs through the mixing between φ and γ and the subsequent γp scattering. The total γp scattering cross section at √ s = √ 10 GeV is about 0.1 mb [68] . Taking ε γ = 10 −9 , we have φp total cross section as small as 10 −46 cm 2 . With the average hydrogen number density in the Sun about 6 × 10 23 /cm 3 , the mean free path of φ is much greater than the radius of the Sun. We note that the consideration of other chemical elements in the Sun should shorten the mean free path of φ slightly. Nonetheless, this distance scale remains much greater than the radius of the Sun.
Since each φ stays at the same direction before its decay, one can view those neutrinos produced by φ decays as being originated from the core of the Sun. Hence we can write the neutrino flux as
with P ν j →ν i (E ν ) the neutrino oscillation during the propagation, Γ A the DM annihilation rate, R the distance between Sun and Earth, and dN ν j /dE ν j the neutrino spectrum from each annihilation. The energy distribution dN ν j /dE ν j for neutrinos produced by φ decays is not a simple Dirac-δ function, since φ is highly boosted. It has been shown that [69] 
where Θ denotes the Heaviside step function. The neutrino event rate in the detector is given by
where E th is the detector threshold energy, A ν (E ν ) the detector effective area and Ω the solid angle. We study both muon track events and cascade events induced by neutrinos. The
DeepCore detector extends the IceCube capability to probe E ν down to 10 GeV [71] and the future PINGU detector will further lower down the energy threshold E th to O(1) GeV [72] .
The angular resolution for IceCube-PINGU detector at E ν = 5 GeV is roughly 10
• . Hence we consider neutrino events arriving from the solid angle range ∆Ω = 2π(1−cos ψ) surrounding the Sun with ψ = 10
• . The detector effective area of IceCube is expressed as
with V eff the detector effective volume [71, 72] , N A the Avogadro number, M ice the molar mass of ice, n p,n the number density of proton/neutron per mole of ice, and σ νp,n the neutrinoproton/neutron cross section. One simply makes the replacement ν →ν for anti-neutrino.
The atmospheric background is similar to Eq. (25), by replacing dΦ ν /dE ν with atmospheric neutrino flux,
The dΦ atm ν /dE ν is taken from Ref. [73] . We set E max = m χ in order to compare with DM signal. Track Cascade We present the sensitivity as a 2σ detection significance in 5 years, calculated with the formula,
where s is the DM signal, b is the atmospheric background, and 2.0 is referring to the 2σ detection significance. The detector threshold energy E th is set to be 1 GeV, which will be achieved by the future PINGU detector. However, for E ν > 10 GeV, we adopt the DeepCore effective area in our calculation. The annual signal and background event numbers for reaching 2σ detection significance in 5 years are listed in Table I . We present the track and cascade event numbers separately.
In Fig. 7 4 GeV. Such a complementarity also occurs due to isospin violation. It is well known that the direct search bound on σ χp could be significantly weaken by isospin violation. In fact, one can see that the LUX excluded region shrinks as η decreases from 1 to −0.7. On the other hand, the indirect DM signature from the Sun is less affected by η. Hence the complementarity of two searches becomes more apparent when σ χp is subject to more severe isospin violation suppression.
V. SUMMARY
We have proposed to test SIDM model with hidden U (1) gauge symmetry by searching for DM-induced neutrino signature from the Sun. The SIDM model under consideration gives rise to DM-nucleus scattering, DM-DM elastic scatterings, and DM-DM annihilation.
These three processes determine the neutrino flux resulting from DM annihilation in the Sun. We have presented the IceCube-PINGU sensitivities to the parameter space of SIDM model. We compare these sensitivities to existing constraints set by LUX experiment. We have shown that the indirect search complements the direct one in two ways. First, the indirect search is more sensitive to light DM in GeV mass range. Second, the direct search constraint on SIDM parameter space can be significantly weaken by isospin violation while the indirect search sensitivity is less affected by this effect.
